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The quasi-static and rate-dependent mechanical properties of aramid yarns are presented together with a study on different methods of securing yarn specimens in tensile tests. While capstans were found to be suitable for quasi-static tests, they were either not strong enough or had too high inertia for dynamic tests in a Split Hopkinson Pressure Bar setup. Instead, specially designed clamps were used. A viscoelastic material model to describe the mechanical behavior of the yarns, including failure, is also presented. The material model was employed in the computational simulation of ballistic penetration of woven aramid fabrics. Comparison of the simulations and actual ballistic tests showed that predictions of the energy absorbed by the fabric were in good agreement with the experiments.

1. Introduction
Polyphenylene terephthalamide (PPTA) fibers or, commonly referred to as, aramid fibers, are widely used in textile and advanced composites for many impact related applications such as bulletproof vests, helmets and various amour systems because of their high modulus and high strength. For such applications, the determination of fiber mechanical properties under dynamic loads is necessary for investigating the ballistic response and other impact-related behavior of the textile and composites. 
The significance of viscoelasticity on material impact performance of PPTA fibers was demonstrated by Roylance (1973). His results illustrated that viscoelastic relaxation gave rise to slower transverse shock wave propagation and a larger angle between the line of  impact and the deflected yarn compared with the prediction made by a strain rate independent stress-strain relationship. He also proposed that the rate-dependent and non-linear material can be accurately represented by linear viscoelastic models. The inclusion of viscoelastic material properties derived from experiments has a direct improvement on the accuracy of many numerical studies on woven fabric and aramid composites. Shim et al. (1995) concluded that the incorporation of a rate-dependent material model in their numerical simulation of woven aramid fabric subjected to ballistic impacts resulted in better prediction of energy absorption by the fabric compared to a rate-independent material model. Other numerical models of woven polymeric fabric armor which incorporates viscoelastic constitutive models include the works of Lim et al. (2003), Roylance and Wang (1978), Zeng et al. (2006), and Tan and Ching (2006).
Although there is increasing interest in characterizing the dynamic properties of aramid and many other high performance fibers, reports of dynamic testing techniques and procedures for fibers and yarns are scarce due to technical difficulties in holding the specimens tightly enough without introducing excessive stress concentration at the ends of the yarns. Relevant literature includes that of Laible and Morgan (1962) who tested isotactic polypropylene fibres using seven different approaches - a universal materials tester (Instron), a pneumatic tester, two types of pneumatic-hydraulic testers, a falling weight setup, a rotating disc longitudinal impactor and a ballistic technique. Strain rates from 0.003 to 334s-1 were achieved. Prevorsek et al. (1991) later succeeded in studying the effects of strain rate on ultra-strong polyethylene (PE) fibers. Each PE fibre bundle was supported by a rigid clamp and impacted transversely by a projectile traveling at 130ms-1. A high speed camera recorded the process and enabled measurement of the speed of the transverse wave-front. The dynamic modulus, longitudinal wave speed and stress in the fiber could be determined based on the theory of transverse impact on fibers by Smith et al. (1954, 1960). However, the authors cautioned that the strengths obtained at various strain rates were not reliable due to complications arising from the clamping technique to hold the fibre bundles. Recently, the Split Hopkinson Pressure Bars (SHPB) was have been adopted for high-speed tensile testing of fibrous materials. Both Wang et al. (1998) and Gu (2003) employed similar experimental technique for tensile testing of Kevlar® and Twaron® fibers respectively. The aAramid yarn was wound around two aligned blocks that were stacked together. The yarn was then glued onto the blocks, which were and fixed at to the ends of the input and output bars of a SHPB. The range of strain rates obtained was ranged from 100s-1 to 1000s-1. It was noted that the procedures of specimen winding andyarn looping followed by adhesive bonding required special attention to ensure reliable results. SHPB testing of fabric specimens were later reported by Shim et al. (2001) who designed a pair of grips for the split Hopkinson tension bar test on Twaron® fabric strips to simplify test procedures. 
In this paper, we present a method for testing fiber bundles of in a single yarn under subjected to high strain rate loading using the a split Hopkinson tension bar is presented. The testis method is then used to characterize Twaron® CT2040 1100 dtex/1000f yarns. Based on the experimental results, a constitutive viscoelastic model is established to describe the observed behavior. This constitutive model is used in the numerical simulation of ballistic impact of on fabric (Zeng et al., 2006) to show that the simulationsit could give predictions which in agreed closely agreement with actual ballistic tests.

2. Mechanical testing of yarns

A yarn is an assembly of delicate aramid fibres (~10 in diameter) which are prone to damage under excessive gripping force. Therefore, yarns are more sensitive to stress concentrations than most materials when they are clamped and stretched during materials testing. It is also difficult to ensure that the fibers within a bundle are properly aligned as in a bundle. While an excessive gripping force leads to fibre breakage at the clamps, inadequate gripping leads toallows specimen slippage, resulting in inaccurate extension measurement. Hence, the method employed to grip a yarn specimen is of particular importance for to both quasi-static and high strain rate tensile tests. 
Various methods of gripping yarns during tensile testing were explored. While tying a knot is a convenient way for of securing rope/cord specimens, this method introduces significant stress concentration at the knot location and causes premature failure. Scharfeld et al. (2004) reported that knotting a hair fibre produces a three-fold stress concentration and fractures at the knots are consistently observed during tensile tests. Figure 1 shows the bending strains induced by an overhand knot in a single aramid fibre. Visible kinks indicate bands of severe deformation.


Figure 1 Kinks in an overhand knot of a single aramid fiber

Bonding Successful bonding of fiber bundles to testing devices using adhesives have has been reported in some successful studies. Wang (1998) and Gu (2003) used adhesives in SHPB tensile testing of different types of fibre bundles. The procedure required careful bonding to give consistent results. Any adhesive overflowing into gaps between fiber filaments within the gauge length will introduce sites of stress concentration. 
Another technique is the capstan method. This was successfully used in instruments designed for measuring the quasi-static tensile properties of textiles (Scharfeld et al., 2004). The ends of the a yarn are wound around circular pins. The frictional force between the yarn and the pins prevents the yarn from slipping. The frictionis force increases with the yarn tension F0 between the pins F0 and decreases with contact angle   according to the relationship,
									(1)
The capstan method is an effective technique if the specimen can be tightened with only a few loops, even for low values of tension F0.
Flat clamping between jaws is the most common method of gripping specimens in materials testing. The gripping is done either by an external or self-clamping force that is almost uniform over the entire clamped length of the specimen, with friction acting on both sides of the specimen. Both Prevorsek et al. (1991) and Shim et al. (2001) used this method to secure polyethylene fibre bundles and aramid fabric strips respectively. However, Prevorsek et al. noted that failure strengths could not be obtained due to stress concentration at the clamps. 

2.1	Quasi-static tensile tests
Quasi-static tests using the capstan method of gripping specimens were performed to obtain the mechanical properties of high tenacity aramid yarns found in Twaron® CT 716 fabric from Teijin Twaron GmbH. Each Twaron® yarn has 1000 filaments and a linear density of 1100 dtex. 
Figure 2 illustrates the grip employed in the capstan method. It is designed to ensure alignment between the yarn and the longitudinal axis of the input and output bars of the SHPB. In employing the capstan method for testing Kevlar yarns, Dobb et al. (1981) found that when the diameter of the plug is decreased, this resulted in plastic deformation in the form of kink bands at the inner surface of the loop. The deformation induced corresponding corresponded to a compressive strain of 0.5% at the inner surface of the loop when the diameter of the plug is decreased because of the low compressive strength of aramid fibers. Thus, the diameter of the shaft plug must be large enough to ensure that yarn loops do not experience any compressive plastic compressive strain. Also a large diameter is desirable to provide sufficient shear strength for the shaftplug. The capstan used in the tests reported here has a shaft diameter of 3mm.

Figure 2 Schematic diagram of the capstan grip design 
The qQuasi-static tests were carried out according to ASTM Standards D885-03 with a recommended specimen gauge length of 250mm. The An Instron 8501 Universal Testing Machine with a pair of capstan grips was used (Figure 3). The yarn was wound around the each capstan without anysuch that there was no overlapping. In quasi-static tests of Twaron® yarns using this these grips, the filaments failed near the midpoint of the gauge length, indicating that stress concentration caused by the grips was not excessive. The rRepeatable results of were obtained for the modulus, failure strain and stress, and these are also consistent with data reported by previous studies (Andrews et al., 1997 and Tenjin, 2004).










Here, A, E and c are the cross sectional area, Young’s modulus and elastic wave speed of the input and output bars. As and l0 are the cross sectional area and gauge length of the specimen.

Figure 4 Schematic diagram of the tensile SHPB setup

Although the capstan method worked well for quasi-static tests, it was not suitable for attaching the specimen to the pressure input/output bars in dynamic testing because of the high loading rates. The breaking force of the yarn increases significantly with increasing strain rate; this causing caused the supporting shaft to shear into two after repeated tests. Larger diameter shafts could not be used because they introduced spurious strain readings. Moreover, the stress-strain curves obtained from SHPB tests using the capstan method (Fig. 5) showed significant fluctuations. The dynamic failure stresses were also unexpectedly lower than the quasi-static failure stress obtained using the same grips. This suggests that stress-concentration was significant and premature failure of yarns occurred during dynamic testing. The points of curve inflexion in the curves in Fig. 5 also indicate significant slippage of the specimen during testing. 


Figure 5 Dynamic stress-strain curve of for Twaron® CT716 yarns from tests using capstan specimen grips


A pair of flat clamping grips shown in Figure 6 was designed for the SHPB tests. When the retainer is screwed tightened, a clamping force acts on the specimen. The A high gripping force is necessary to prevent the specimen from slipping at the clamps but compression by the rigid surfaces of the clamps caused premature failure. This was overcome by sandwiching the specimen between two layers of soft compliant material. A high density urethane foam tape (3M Scotch® Heavy Duty Mounting Tape 114) coated with acrylic adhesive on both sides was found to serve this purpose. The pliable urethane foam layer deforms around specimen; ensuring that fibers are not severely deformed even under large clamping forces. The filaments also experience more a uniform clamping load through because of the compliant intervening layers. In addition, the foam fills the gaps between fibers upon compression and increases the contact area to holdwith the specimen, thus holding it more effectively. 


Figure 6 Schematic diagram of flat clamping specimen grip for tensile SHPB

Although the flat clamping grips worked well for dynamic testing because no specimen slippage or failure at the clamps was observed, obvious slippage of yarn specimens was observed when the grips were used for quasi-static tests. Quasi-static tests using this these grips yielded failure stresses stress values comparable with that from the capstan method, but the failure strain was larger because of slippage. 
Several explanations are offered as to why the specimens slipped during quasi-static tests but not in the SHPB tests. Lavielle (1991) reported that the coefficient of friction between two polymers is strain rate dependent. Thus, the interfacial friction between the acrylic adhesive on the mounting tape and yarn could have increased considerably due to the high strain rates in the SHPB tests. The loading times for the SHPB tests are also much shorter than the those for quasi-static tests. Hence, there is not enough time for slippage to occur. Another possible reason for the yarn not slipping under dynamic loading is that the viscoelastic urethane foam layer experiences shear loading and becomes stiffer with increasing strain rate. This presents a momentarily higher contact force on the fiber bundles (VS: I don’t quite see the relationship between shear loading and a higher contact force).
 

Figure 7 Grips with a specimen in SHPB test





Figure 8 Incident and reflected strain readings signals from the input bar at for high and low striker velocities, to showing minimal influence the effects of the specimen grips.

The current SHPB setup is able to achieve strain rates from 180 to 480s-1. (there are difficulties in carrying out tests at higher strain rates). A Figure 9 illustrates typical graph of thestrain wave signals recorded strain waves is illustrated in Figure 9. There are difficulties in carrying out tests at higher strain rates. Although shorter specimen lengths will give result in higher strain rates, specimens that are too short cannot be clamped properly because. Ffilaments would be misaligned and twisted, thus causing if the specimen is too short resulting in erroneousinaccurate results. Higher strain rates can also be obtained with higher striker velocities. However, too high a striker velocity will cause plastic deformation in the input bar.

Figure 9 Recorded Typical strain waves recorded in the SHPB tests

3. Experimental results
The qQuasi-static tests were repeated at least three times for each crosshead speeds of 5mm/min and 125mm/min (0.0003s-1 and 0.008s-1 strain rates respectively). The resulting stress-strain curves are shown in Figure 10. The yarn has indicate an Young’s Mmodulus of 74.13 GPa and consistent failedure consistently at an average stress of 2.12 GPa and a strain of 3%.

Figure 10 Stress-strain curves of for Twaron® CT716 yarns from quasi-static tests 

SHPB tests were also conducted at least three times for each strain rate to ensure repeatability. Figure 11 demonstrates the consistency of the experimental results at approximately 300s-1, while Figure Fig. 12 illustrates the variation of stress- with strain curves atfor different strain rates. 






Figure 12 Stress-strain curves of for Twaron® CT716 yarns at various strain rates
It is observed that the failure stress, failure strain and Young Modulusstiffness increase with strain rate,s as shown in Figures. 13, 14 and 15 respectively. Taking the quasi-static data as a reference, the specimens exhibits an increases of 36% in the failure stress, 26% in failure strain and 28% in modulus at the a strain rate of 480s-1. 

Figure 13 Failure Variation of failure stress vs.with strain rates of for Twaron® CT716 yarns

Figure 14 Failure Variaion of failure strain vs.with strain rates of for Twaron® CT716 yarns

Figure 15 Young’s Variation of initial modulus vs.with strain rates for of Twaron® CT716 yarns


4. Fracture modes of aramid fibers
For maximum strength and modulus, Ideally, fibers should ideally possess high molecular weights, i.e. infinitely long chains and highly oriented chains without folding to attains maximum strength and modulus. As pointed out by Hearle (2002), the ends of finite length molecular chains act as a sourceare the cause of stiffness and strength degradation. The presence of a certain degree ofsome randomness in molecular chain orientation and disorder also reduce yarn stiffness and strength. Many fracture models (Elices and Llorca, 2002) have been proposed to explain and predict the modulus, failure strain and failure stress of highly oriented polymer fibre as well as the morphology of fibril splitting morphology. Structural features such as molecular chain ends were considered as defects facilitating stress concentration and intermolecular sliding. Chain orientation was also included to analyze inter-chain interaction up to fracture. All these models suggest that fiber rupture was is initiated by failure of weak transverse secondary bonds due to intermolecular interaction. This is in good agreement with the morphology of fibrefiber rupture with morphology of multiple fibrillations.
The SEM images in Figure Fig. 16 help interpret the fracture modes of Twaron® yarns at different strain rates. Figures 16(i) and (ii) are from specimens loaded to failure during tensile SHPB tests while Figs. 16(iii) and (iv) are images of broken yarns from Twaron® fabric perforated by a small projectile. The strain rates indicated in Figs. 16(iii) and (iv) are calculated from numerical simulations of fabric specimens subjected to under the corresponding ballistic impact velocities. It is known that fiber failure arises predominantly results from intermolecular chain slippage at low strain rates and molecular chain scission at high strain rates. Figures 16 (i), (ii) and (iii) show long and fine axial yarn splitting when the strain rate is less than 480s-1. Figure 16(iv) shows that although fibrillation still occurs, the fibrils are shorter at the broken ends for a strain rate of 1000 s-1. The difference in the failure mode observed in Fig. 16(iv) from those in Figs. 16(i), (ii) and (iii) suggests that fracture of fibres at strain rates up to 480s-1 is induced primarily by failure of secondary bonds whereas, failure of fibres subjected to strain rates of 1000s-1 (Fig. 16(iv)) start to show a combination rupturing by primary and secondary bonds. 
These observations reaffirm that at low strain rates, inter-chain slippage is significant and secondary bond failure dominates, whereas intermolecular slippage becomes restrained and primary bonds are stretched to fracture at high strain rates. 
 
Figure 16 SEM pictures of fiber fracture in yarn and fabric tests

5. Material constitutive modeling of aramid yarns
A linear viscoelastic constitutive equation was developed for the yarns. A system of springs and dashpots, which represent elastic solid and fluid-like behaviour, is used to model the viscoelastic behaviour of Twaron®. Shim et al. (2001) reported that the three-element viscoelastic model (Figure 17) provided a reasonable representation of the deformation micro-mechanisms in Twaron® fibres.	


	Figure 17 The three-element spring-dashpot model (Zener’s model)

The stress-stain response of a three-element viscoelastic model is described by 
.						(5)




	It is apparent from Equation. (7) that the Young’s modulusstiffness is a function of strain rate with parameters K1, K2 and μ. The values of these three parameters are determined from least-squares data fitting of Eqn. (7) to with experimental data (Figure 15). 

Figure 18 Graphs Variation of Young’s modulus versusyarn stiffness with strain rate
It is noted that the range of strain rates from experiments is limited, and results obtained from curve fitting may not be applicable for strain rates outside of this range. Figure 18 shows the predicted Young’s modulusmodulus (curve No.1) determined solely by least squares fitting of experimental data. Experimental data are available only for strain rates less than 500s-1. This strain rate is still lower than actual strain rates experienced by the yarns in for some ballistic events. The eExtrapolation of the fitted curve gives a Young’s modulus of abovegreater than 120 GPa at for a strain rate of 5000s-1. This value of Young’s modulus is about 30% higher than the maximum Young’s modulus obtained from experiments. As there is no strong evidence that the Young’s modulusyarn stiffness can attain this value, any extrapolation above beyond the experimental data cannot be verified. The second curve in Fig. 18 is also obtained from least squares fitting of experimental data but the Young’s modulusyarn stiffness at a strain rate of 5000s-1 is capped atlimited to 10% above the maximum value obtained from experiments. The 10% limit still gives a good fit to experimental data while keeping the Young’s modulus from increasing excessively above experimental values. As a reference, the modulus of another Twaron yarn (CT1000, 1680dtex/1000f) obtained by Gu (2003) is plotted togetherincluded in Figure 18.  His experiments also suggest that the modulus plateaus quickly above a strain rate of 1000s-1.
Least squares fitting of Eqn.7 to experimental data gives ,  and . To determine μ, the rate sensitive failure strain and stress data presented in Figs. 13 and 14 are used. The stiffnesses K1 and K2 of the two springs in the Zener viscoelastic model, K1 and K2, correspond respectively to the strong covalent bonding and weak hydrogen bonding in PPTA fibers respectively. Fiber rupture caused by failure of either the covalent or hydrogen bond can be represented by defining failure strains  and  for the respective springs. At low strain rates, K2 always attains  first, and at high strain rates, failure occurs atis associated with K1. As a result, the overall failure strain is strain rate sensitive. The data fitting procedure to determine the failure strain and stress are now described.
The failure strain of K2 (weak hydrogen bond) can be determined from static loading (i.e. ). Therefore,
						(8)	
where  is the failure strain of the yarn under quasi-static tension. 
By varying the value of μ while keeping to the best fit value of , different predictions of the overall failure strain and stress can be obtained from Eqn. 6 since failure initiates in K2 for the SHPB tests. These predicted failure strain and stress at failure are shown in Figures 19 and 20. Consequently, a value of 4.35MPa.s for μ is chosen, as it gives the best fit to the failure strain and stress data. 


Figure 19 Predictions of failure strain for different μ resulting from secondary bond rupture, plotted together with experimental data


Figure 20 Predictions of failure stress for different μ resulting from secondary bond rupture, plotted together with experimental data

As mentioned previously, experimental data from SHPB tests are limited. The strain rates in the tests were not high enough to initiate failure of the primary bond (K1). The value of the failure strain  has to be approximated due to lack of experimental data. It is clear that the value of  must ensure that failure of K1 occurs only at strain rates higher than 500s-1. As illustrated in Figure 16(iv), the yarns start to show shorter fibrils at the ruptured ends suggesting that primary bond failure, (i.e., failure of K1) starts to occur at a strain rate of about 1000s-1. It was found that a value of 0.032 for  would give rise to a transition from failure of K2 to failure of K1 at this strain rate. Figures 21 and 22 show the failure strain and stress for the proposed Zener model. 






Figure 22 Predictions Predicted variation of failure stress versus with strain rate, plotted together with experimental data.

7. Simulation of fabric ballistic impact on fabric
The derived material model formulated was implemented in the numerical simulation of an aramid fabric target under subjected to ballistic impact. The numerical fabric model proposed by Zeng et al. (2005 and 2006) was adopted for the simulation. The plain woven fabric model is formulated asdefined by a network of pin-jointed linear viscoelastic elements. The model has been established to provide a realistic representation of the interwoven yarn architecture – i.e. each warp yarn passing alternately under and over an orthogonal weft yarn. Algorithms to accommodate simulation of complex inter-yarn frictional sliding at crossover points have been implemented. The model is computationally efficient because of the small number of degrees of freedom. 




Sett [per 10 cm]	122

The fabric being modeled is Twaron® CT716 which is prepared woven from the same type of fibers in the preceding yarn tests described. The specifications of the fabric is are listed in Table 1. A Simulation of a  fabric specimen clamped along two edges under and subjected to transverse impact by a 12mm spherical projectile with a mass of 7g was simulated and compared to with actual ballistic tests.
Figure 23 shows thea simulated simulation of fabric perforation of the fabric by a projectile at 260m/s, compared with the and photographs from experimental photographs. The predicted transverse deflection for consecutive stages of penetration matches well with the experimental observations at the consecutive penetration stages. . The deflection correlates closely with kinetic energy and strain energy dissipating dissipation through by the fabric. Details such as yarn raveling along free edges can be seen both experimentally and in the numericallynumerical results. The energy absorbed by the fabric was predicted for a range of impact velocity velocities and are plotted in Fig. 24 together with experimental results to demonstrate that the simulations can also give good quantitative agreement with actual test results.


Figure 23 Development of pPerforation development in fabric two-edge clamped along two edges, corresponding to projectile fabric after ballistic impact at 251m/s;, left: high speed photographs in from ballistic experimentstests;, right: numerical simulations at for the corresponding same instants of time.

Figure 24 Energy absorption predicted by numerical simulation using proposed material model

8. Conclusions
Through the analysesan investigation into of different techniques for gripping fiber bundles for tensile testing of yarns specimens, specialized grips were designed for quasi-static and dynamic tensile tests, i.e. the capstan grips and the flat clamping grips with softincorporating compliant adhesive layers and capstan grips. These grips are able to hold the fibre bundles effectively without slippage or excessive stress concentration. 
The tensile tests undertaken show that Twaron® fibre is strain rate sensitive; the modulus, failure strain and stress increase with strain rates from 0.0003s-1 to 480s-1. Twaron® specimens are also observed to fracture with more lengthy fibrils splitting axially at low strain rates, while exhibiting less fewer and shorter fibrils at high strain rates. The rate-sensitive behavior of the aramid fibre was modeled by the Zener viscoelastic model and the parameters of the model were obtained by least squares fitting of the model to the rate sensitive modulus from experimental data. Failure of the yarns was incorporated by specifying failure strains for the springs in the Zener constitutive model to capture the rate-sensitive failure characteristics of polymeric fibers. The parameterized Zener constitutive model was used in numerical simulations of fabric ballistic impact, s.and these The results gave predictions in which displayed close agreement with actual ballistic tests. 
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(i) SHPB yarn specimen at (strain rate ~200s-1)

(ii) SHPB yarn specimen at (strain rate ~450-1)m/s

(iii) Ballistic test ofimpact on fabric upon at 160m/s impact (strain rate ~about 220s-1)
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